Driving of off-road vehicles (ORVs) on sandy beaches is common and widespread
Introduction
Sandy beaches geographically dominate the world's shores, and rank among the most intensively used coastal habitat types by humans (Bascom, 1980; Brown & McLachlan, 568 T. A. Schlacher and L. M. C. Thompson 1990; Banks & Skilleter, 2002; Jones et al., 2004) . The human use of beaches is intensifying globally, mainly as a consequence of the disproportional strong growth of coastal populations, causing a wide range of physical changes to sandy shore systems (Brown & McLachlan, 2002) . Ecological impacts on sandy shores may be equally diverse, and several anthropogenic pressures on sandy beach biota are directly linked to human recreational pursuits (Barros, 2001; Priskin, 2003a; Veloso et al., 2006) . Beaches are used for a variety of recreational pursuits including, walking, swimming, surfing, beach-camping, sun-bathing, fishing and four-wheel driving (Priskin, 2003a; Valdemoro & Jimenez, 2006) . Driving of off-road-vehicles (ORVs) on beaches is a highly prominent, and arguably environmentally damaging, human activity on sandy shores (Moss & McPhee, 2006) . This beach traffic is mostly of a recreational nature and common in several regions of Australia (Priskin, 2003b) and worldwide (Blankensteyn, 2006) . It is not uncommon to report on the putative negative ecological consequences of beach traffic (Moss & McPhee, 2006) , but the body of evidence to support such inferences can be lacking in weight if the actual mechanism is not quantified.
Although there are data available on the impacts of ORVs on beach habitats and their biota (Godfrey & Godfrey, 1980) , the measured biological response variables include mostly dune vegetation and vertebrates (Hosier et al., 1981; Buick & Paton, 1989; Rickard et al., 1994; Williams et al., 2004) . By contrast, the effects of vehicles on beach invertebrates, particularly those of the intertidal zone are more poorly documented (van der Merwe & van der Merwe, 1991) . Invertebrate species may differ considerably in their sensitivity to beach traffic, and thus any ecological responses may be primarily related to the fauna's tolerance to traffic (Wolcott & Wolcott, 1984; van der Merwe & van der Merwe, 1991) .
The most basic property that determines whether beach traffic has the potential to damage the intertidal fauna on beaches is the intensity of traffic and its distribution in relation to the distribution of the fauna across the beachface. Fundamentally, if beach traffic does not overlap with the distribution of the fauna, vehicle impacts are predicted to be negligible. Conversely, in situations where traffic and fauna are concentrated in the same section of the beach, ecological consequences may be more severe. Thus, it is the degree of overlap between vehicles and species that lies at the core when assessing what effect ORVs may have on beach invertebrates. Overlap between traffic and fauna distributions does not automatically imply that vehicles cause damage to beach biota in a specific situation; it rather indicates the potential for putative impacts that would warrant more detailed investigations on the ecological responses to ORV traffic. It is thus surprising that neither traffic patterns nor driver behavior have been quantified to date. Therefore the main objectives of this study were to: (a) determine traffic patterns on beaches in terms of vehicle positions and traffic volume across the beachface, and (b) quantify to which degree the distribution of macrobenthic species overlaps with beach traffic.
Material and Methods
Five beaches, located in southern Queensland on the Australian East Coast were sampled ( Figure 1 , Table 1 ). Two beaches (Teewah Beach and Noosa North Shore) were located on the Sunshine Coast north of the town of Noosa. These beaches are designated as official roads, carrying both recreational traffic and acting as a thoroughfare for vehicles travelling north to Rainbow Beach and Fraser Island. A further three beaches were sampled on North Stradbroke Island (Flinders Beach, Adder Rock, and Main Beach). North Stradbroke Island is a large barrier island, located on the eastern side of Moreton Bay (Figure 1 ). The island is a popular tourist destination and used for a variety of recreational pursuits, including four-wheel driving on beaches, beach fishing, and beach camping (all requiring the use of ORVs). All of the island's eastern beaches have ORV access, except for three small pocket beaches (Frenchman's, Deadman's, and Cylinder) and the northern end of Main Beach, and receive moderate to heavy amounts of vehicle traffic, especially during peak holiday periods (Carter, 2005) . Flinders Beach and Adder Rock on North Stradbroke Island are more sheltered from the dominant south-east swell and tend toward a reflective morphodynamic state, whereas the other beaches are slightly more exposed ( Figure 1 , Table 1 ). Sprint tidal range on all beaches is around 2 m. The intertidal zone of the beaches surveyed is 48-72 m wide at low tide (Table 1) . During high tide, only a very narrow strip of trafficable beach remains at Main Beach, Teewah, and North Shore, with the swash frequently reaching the base of the foredune. Thus, any vehicle traffic around the time of high water is forced to traverse the soft, upper beach, with occasional tyre tracks observed in the dunes. Traffic and faunal counts were made on North Stradbroke Island over the Easter weekend from the 25th to the 28th of April 2005, and on the two northern beaches on the 30th of July and the 6th of August 2005.
The location of faunal and vehicle survey sites was chosen to cover a range of traffic conditions for each of the beaches. On Flinders Beach, the first site "Adder Rock" was located 300 m north of the main vehicle access point, and would thus include most recreational beach traffic that had entered the beach from the south (Figure 1e ). The second site "Flinders Beach" was located just south of the two northern access points and is taken as representative of traffic that accessed the beach from these northern points (Figure 1e) . Similarly, the site on Main Beach was chosen to capture all traffic travelling southwards from three access points further north ( Figure 1e ). All traffic on the Noosa North Shore enters the beach from the three access points located in the southern part of the beach. Thus, most vehicles travelling north were included in the two survey sites, as well as beach traffic travelling south from Fraser Island, Double Island Point, and Rainbow Beach (Figure 1c ).
At each beach we measured a range of physical descriptors for each of three transects (spaced 30 m apart along the shore) that included: (a) beach profiles (theodolite surveys from the base of the foredunes to the low-water, spring tide mark-LWST), (b) swash zone width (calculated from the maximum up-rush and down-rush position of 10 consecutive swashes, (c) wave height and period, and (d) sediment properties (triplicate cores of 30 mm diameter, 100 mm deep at each of 12 levels; Table 1 ). All physical measurements were made around the time of low water. Sediment parameters (mean grain size, sorting, skewness, kurtosis) were calculated with the GRADISTAT software, using the Folk and Ward method (Blott & Pye, 2001) .
The chief purpose of the vehicle survey was to determine both the spatial (i.e., position across the beach-face) and temporal patterns at which ORVs drive on the beach. To this end, the beach was divided into 10 m wide bands that ran for 100 m parallel to the shoreline. The upshore boundary of the most landward band was at the base of the foredunes, and the most seaward in the swash zone below the effluent line. The boundaries of these "vehicle count bands" were marked with small pieces of flagging tape inserted into the sand. These zone markers were small enough not to be noticed by drivers (avoiding possible bias), but easily visible to observers. Observers (posing inconspicuously as tourists or sunbathers near the foredune) recorded the position and time of each passing vehicle. Traffic was generally recorded from sunrise to sunset, save for the northern beaches where rising tides necessitated an earlier cut-off to return safely.
T. A. Schlacher and L. M. C. Thompson
The distribution of macrobenthic species was determined from sampling 12 levels along of each of 3 replicate transects (spaced 30 m apart) per beach. Transects extended from the base of the foredune (level 12) to the low water spring tide (LWST; level 1). Levels were spaced equidistant along each transect. At each level, 5 replicate cores (inner diameter 154 mm, 200 mm deep) were taken ca. 1 m apart, and pooled into a composite sample. The fauna was washed from the sediment through a 1 mm mesh sieve in the swash and preserved in 75% ethanol.
Zones of the beachface (i.e. lower, middle, and upper beach) were determined from similarities in environmental attributes of each beach level sampled, using group-average clustering based on normalized Euclidean distance (Clarke, 1993; Clarke & Warwick, 2001 ). The five environmental variables included in the cluster analysis were: (1) percent sand moisture, (2) elevation above low water, (3) slope, (4) sediment grain size (φ), and (5) the position of each sample relative to the effluent line (dichotomous).
We quantified the degree of overlap between vehicles and the fauna using Bray-Curtis resemblance functions on standardized data of macrobenthos abundance and vehicle passes. Essentially, this is akin to a conventional, multivariate analysis of species distributions, except that vehicles are taken as an "extra" species (Clarke, 1993; Clarke & Warwick, 2001) . Overlap was calculated separately for each transect, and the range of values across all transects is reported for each site. A percentage overlap of 100% would denote a pattern of vehicle traffic across the intertidal zone that matches precisely the distributional pattern of a beach species. This situation would be comparable to two species having identical distributions (as measured be relative abundance over the full range sampled) across all sites, as can be found in parasite-host relationships. Conversely, a value of 0% overlap denotes that all vehicles drive either below or above the zone where a species is distributed on a beach. The equivalent in conventional multivariate ecological analysis is a situation where species have completely disjunct occurrences across sites, habitats, regions, or depth zones.
Results

Beach Traffic Patterns and Driver Behavior
The vehicle surveys quantified three main attributes of beach traffic: (1) the position of cars across the beach face in relation to the primary physical boundaries of the habitat such as the effluent line (water table outcrop on the lower beach), the swash zone, and the storm drift line (maximum reach of waves during rough seas marked by a line of deposited wrack on the upper shore), (2) temporal patterns in traffic intensity during daylight hours, and (3) changes in the position of vehicles over time in relation to tides.
On North Stradbroke Island, traffic counts were done during a peak holiday period (Easter weekend), recording a total of 495 vehicle passes at Flinders Beach, 335 at Adder Rock, and 471 vehicles at Main Beach during a single day. Traffic counts on the northern beaches (Noosa North Shore and Teewah Beach) were conducted during weekends outside any holiday period in the middle of winter. Still, substantial amounts of vehicle passes were recorded in 9 hours: 431 vehicles at Teewah Beach, and 372 at the Noosa North Shore.
Peak traffic occurred on all beaches from late-morning to mid-afternoon. On the beaches of North Stradbroke Island, this concentration of traffic coincided with falling tides and the time of low water (Figure 2) . Thus, substantially more vehicles used the beach during falling tides. By contrast, on the northern beaches, a substantial amount of traffic was observed while the tide was high or rising ( Figure 2 ). Although few cars drove on the extreme landward limits of the beach and in the foredunes, a substantial fraction of beach traffic did occur on the dry, upper beach (Table 2, Figure 2 ). On average, 67% of traffic was concentrated on the upper shore at Teewah Beach, and 16-27% on the other three beaches ( Table 2) . Drivers of ORVs migrated with the tide: during high water, vehicles traversed the upper beach, followed by a progressive down-shore shift as the tide receded (Figure 3 ). 
Overlap between Traffic and Fauna Distributions
The majority (65% or 15 spp.) of infaunal taxa occurred in the same zone in which vehicles drove along the beach; only eight species (35%) were distributed below the main area of vehicle traffic (Table 3 , Figures 4 and 5) . Although there was spatial variation between beaches in the degree to which traffic and fauna overlapped, three broad clusters of "traffic exposure" could be identified: (1) species whose range overlapped considerably with that of beach traffic, (2) species that showed low to moderate degrees of overlap with traffic depending on site-specific distribution patterns of the fauna, and (3) species whose distribution was disjunct from that of the traffic (no overlap).
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Figure 5. Cross-shore profiles of vehicle traffic (top panels), macrobenthic species distributions (second from top), density of total macrofauna (center panels), sand moisture (second from bottom), and beach profiles (bottom panel) at two beaches on the Noosa North Shore (cf. Figure 1) .
Table 3
Overlap * (%) in the distribution between beach traffic and macrobenthos species. Measure of overlap is Bray-Curtis resemblance function on standardized data of macrobenthos abundance and vehicle passes. This is conceptually akin to a conventional analysis of species distributions (Clarke, 1993; Clarke & Warwick, 2001) only that vehicles are taken as an "extra" species. Tabulated values are means across three transects per beach with ranges in parentheses. Zero values indicate that a species was present on the beach, but its distribution did not overlap with that of traffic, whereas hyphens (-) denote that a species was not recorded on a particular beach.
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At least five species occurred close to, or directly under the zone of heaviest traffic (Table 3, Figures 4 and 5) . The overlap between the distribution of these species and traffic could be as high as 69%, indicating that the majority of individuals live in heavy traffic areas (Table 3) . This group, which is potentially most heavily impacted by ORVs, comprised mostly species of the upper, dry shore (the ghost crab Ocypode ceratophthalma and the isopod Pseudolanna concinna), as well as species that straddle the upper and middle zone of the beach (the polychaetes Scoloplos sp. and Nephtys longipes, and the surf clam Donax deltoides; Table 3 , Figures 4 and 5) .
Ten species showed varying degrees of overlap with ORVs, and this depended to a large extent on their specific distributions on a particular beach (Table 3, Figures 4 and 5) . For example, the polychaete Polydora sp. occurred outside the traffic zone on three beaches, but on Main Beach up to 50% of the population overlapped with beach traffic. Similarly, the bivalve Paphies elongata was found on two beaches only, and overlap could reach 5 % on one beach but was zero on another beach (Table 3) .
The third group of eight species had distributions that did not overlap with that of vehicles on any of the beaches surveyed. These were mainly species that occurred below the effluent line and in the swash zone ( 
Discussion
This study has demonstrated that recreational driving of off-road vehicles on sandy beaches creates traffic that overlaps considerably with the distribution of most intertidal species (Table 3, Figures 4 and 5) . Thus, there exists the potential for negative ecological impacts caused by ORVs on an appreciable part of the beach invertebrate assemblages. Furthermore, beach traffic is not restricted to a single zone of the beach, but occurs throughout the intertidal areas above the swash zone ( Figure 2 , Table 2 ).
Impacts to the backshore area and dunes are generally regarded as more severe compared to the foreshore (Godfrey & Godfrey, 1980; Luckenbach & Bury, 1983; Rickard et al., 1994; Schlacher & Thompson, in press ). Consequently, a frequent recommendation to ORV users on beaches is to drive on the hard, compacted sand low on the beach-face. Yet, this study has shown that a considerable fraction of beach traffic does occur on the upper beach near the foredunes (Table 2 ). It also demonstrates that shifting traffic to the lower shore would result in a direct overlap with the benthic invertebrates inhabiting this zone of the beach.
Advisory signs on beaches and driver education campaigns urge ORV users to drive on the mid-to lower beach during low tides, and to avoid driving on the beach when the tide is high (Carter, 2005) . This does, however, only partly tally with the real-world traffic patterns observed by us. Driver behavior was strongly influenced by tides and the morphological properties of the beachface, such as the position of the swash, sand moisture in different zones, and the position of the effluent line (Figure 2 ). Human behavior also plays a role in determining traffic patterns: during the survey at Adder Rock, several cars parked on the mid-to lower shore and this forced all other traffic further up the beach toward the dunes (Figure 4) . Also, we observed that drivers tend to follow previous drivers T. A. Schlacher and L. M. C. Thompson and tracks. Because some drivers seem reluctant to stray from the "beaten track," traffic can concentrate on the upper shore even though the mid-to lower zones (above the effluent line and swash zone) may be more suitable for driving in terms of sediment compactness. Such "channelling" of traffic into preexisting tracks made during previous high tides on the upper shore can lead to severe and deep rutting of the beach.
Environmental impacts to the upper beach and dunes (Godfrey & Godfrey, 1980; Rickard et al., 1994) are predicted to be more severe on beaches that receive high traffic volumes throughout the year, especially if traffic is not purely recreational and also occurs during high tides. People use ORVs on beaches for either recreational reasons or beaches simply serve as roads. All beaches surveyed by us are popular fishing spots and allow at some stretches camping in the dunes. Access to these camping areas necessitates driving on the beach. In Queensland, the zoning of certain areas on the landward fringes of the stable dunes as conservation zones has meant that access roads along the back of the dunes have not been developed (Hockings & Twyford, 1997) . The northern beaches studied here are a designated road and provide a faster route to popular tourist destination and coastal settlements compared with regular roads situated further inland (Figure 1 ). Thus, beach traffic can be predominately recreational (Stradbroke Island), or a mix between "regular road usage" and recreational pursuits (Teewah and North Shore).
Most (65%) invertebrate species recorded were exposed to varying degrees to ORV traffic (Table 3 , Figures 4 and 5) . The distribution of species was determined around the time of low tide and thus may be viewed to represent not the full spectrum of distribution patterns for those species that migrate across the beachface with the tides. However, for the purpose of assessing any putative impacts of ORVs on the beach fauna, species distributions around the time of low water are most informative as this is the time when most vehicles travel along the beach (Figure 2) .
Traffic overlapped most strongly with species whose habitat is the upper beach (the ghost crab Ocypode ceratophthalma and the isopod Pseudolana concinna), or the upper section of the middle shore (the polychaetes Nephtys longipes, and Scoloplos sp., the bivalve Donax deltoides). All species are efficient burrowers and this may potentially afford some protection from vehicles.
Ghost crabs may suffer little mortality from ORVs when buried in the sand, but are killed in large numbers by ORVs when they forage at the surface at night (Wolcott & Wolcott, 1984) . On North Stradbroke Island, ghost crab numbers were reported to be significantly lower on beaches with ORV traffic, and this contrast is hypothesized to be due to nocturnal beach traffic crushing the surface-active crabs (Moss & McPhee, 2006) . No quantitative data on ORV-caused mortality to crabs either inside or outside their burrows are, however, available for these beaches. Thus, a direct link to beach traffic is presently a possible (Moss & McPhee, 2006) , but unproven explanation for observed declines in ghost crab populations on ORV beaches. Beach clams can suffer appreciable mortality (crushing) from ORVs (van der Merwe & van der Merwe, 1991), but mortality rates probably depend on sediment properties, sensitivity of the organisms (e.g., shell thickness), and traffic volumes. This information is currently not available for Australian beaches and species, and thus predictions about possible mortalities are speculative. Similarly, no data of possible ORV-induced mortality to polychaetes and isopods (which can overlap considerably with traffic) are presently available. Again, these are burrowing organisms (5-10 cm into the sand) and burrowing may ameliorate direct crushing; shear stress of ORVs can, however, penetrate up to 30 cm into the sand (Atkinson & Clark, 2003) .
Species whose distribution is centered below the effluent line and in the swash zone appear to occupy a "spatial refuge" from ORV traffic, and impacts could apparently be considered negligible. Such a conclusion may, however, not be warranted if species of the swash zone are more susceptible to vehicle traffic (van der Merwe & van der Merwe, 1991) , implying that even occasional vehicle passes could inflict mortality.
The use of off-road vehicles (ORVs) on sandy shores presents a formidable management challenge (James, 2000a; Celliers et al., 2004) . Whether recreational beach traffic is appropriate or permissible depends to a large degree on the perceptions of different user groups, some of which view ORVs as highly environmental damaging (Priskin, 2003a) . In fact, the topic can spawn intense public debate, and has the potential to create social conflict between different beach user groups (Priskin, 2003a) . At the core of such arguments lie reports about negative environmental impacts of ORVs (Godfrey & Godfrey, 1980; Rickard et al., 1994; Williams et al., 2004; Moss & McPhee, 2006) , juxtaposed by economic benefits derived from recreational ORV traffic and the demand for recreational (e.g., fishing, camping) opportunities (Carter, 2005; Silberman & Andereck, 2006) . This situation places considerable pressure on authorities responsible for managing beaches (e.g., regulation of vehicle access and traffic volumes) to meet the needs and aspirations of multiple users with often conflicting interests (James, 2000b; Celliers et al., 2004; Carter, 2005) . On Queensland beaches open to ORVs, there are currently no rules to govern total traffic volumes, the areas of the beach-face open to driving, or the times when beach driving is permitted. There are, however, some suggestions to limit beach traffic to daylight hours (Moss & McPhee, 2006) , and to prohibit driving during high tides to protect the upper shore (Carter, 2005) . The basic rationale for such measures appears to be the notion that the more compact areas of the lower-and middle beach are less prone to ORV damage. Yet, we have shown that concentrating beach traffic to this zone may expose a larger proportion of the intertidal fauna to vehicles.
Presently it appears, however, unjustified to implement concrete management responses based on these findings, because sound management of beach traffic is multifaceted and requires the consideration of social and economic factors (James, 2000b; James, 2000a; Celliers et al., 2004; Silberman & Andereck, 2006) , neither of these is quantified for the regional situation reported here. Similarly, a pattern-irrespective of how strong or convincing it is-of overlap between faunal habitat and beach traffic does not automatically demonstrate an ecological impact if the mechanisms are unknown or not quantified. Although it stands to reason that ORVs may affect the intertidal invertebrates of beaches (Steiner & Leatherman, 1981; Wolcott & Wolcott, 1984; van der Merwe & van der Merwe, 1991; Blankensteyn, 2006) , defensible and well-informed management actions require additional data on: (a) the mechanisms that may produce any putative ecological impacts, (b) the sensitivity of the fauna to traffic (biological response strength), and (c) whether individual species responses to ORVs propagate to measurable effects for whole ecological communities.
Conclusion
Three key points emerged from this study: (1) traffic volumes on beaches can be considerable, and the position of beach traffic is principally governed by tides and driver behavior, (2) the majority of ORV traffic was concentrated on the middle to upper shore, and (3) the majority of burrowing invertebrate species of the intertidal zone are directly exposed, at varying degrees, to traffic, save for species inhabiting the swash zone. The ecological impacts of beach traffic are, however, not predictable at present because the specific responses (e.g., mortality rates) of potentially impacted species to varying intensities of T. A. Schlacher and L. M. C. Thompson traffic remain un-quantified. Quantification of both traffic patterns and their concordance with invertebrate distributions is, however, a fundamental first step to identify whether such impacts are likely. It can also underpin the management of beach traffic by broadening the information base in decision making through provision of quantitative data on both human pressures (e.g., traffic patterns) and their spatial relationship to biological resources on sandy beaches.
